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Abstract—Orbital angular momentum (OAM) at radio fre-
quency (RF) provides a novel approach of multiplexing a set of
orthogonal modes on the same frequency channel to achieve high
spectrum efficiencies. However, there are still big challenges in
the multi-mode OAM generation, OAM antenna alignment and
OAM signal reception. To solve these problems, we propose an
overall scheme of the line-of-sight multi-carrier and multi-mode
OAM (LoS MCMM-OAM) communication based on uniform
circular arrays (UCAs). First, we verify that UCA can generate
multi-mode OAM radio beam with both the RF analog synthesis
method and the baseband digital synthesis method. Then, for the
considered UCA-based LoS MCMM-OAM communication sys-
tem, a distance and AoA estimation method is proposed based on
the two-dimensional ESPRIT (2-D ESPRIT) algorithm. A salient
feature of the proposed LoS MCMM-OAM and LoS MCMM-
OAM-MIMO systems is that the channel matrices are completely
characterized by three parameters, namely, the azimuth angle,
the elevation angle and the distance, independent of the numbers
of subcarriers and antennas, which significantly reduces the
burden by avoiding estimating large channel matrices, as tra-
ditional MIMO-OFDM systems. After that, we propose an OAM
reception scheme including the beam steering with the estimated
AoA and the amplitude detection with the estimated distance.
At last, the proposed methods are extended to the LoS MCMM-
OAM-MIMO system equipped with uniform concentric circular
arrays (UCCAs). Both mathematical analysis and simulation
results validate that the proposed OAM reception scheme can
eliminate the effect of the misalignment error of a practical OAM
channel and approaches the performance of an ideally aligned
OAM channel.
Index Terms—Orbital angular momentum (OAM), uniform
circular array (UCA), angle of arrival (AoA) estimation, OAM
detection, multiple-input multiple-output (MIMO).
I. INTRODUCTION
Currently, explosive growth of emerging services, such as
high-definition (HD) video, virtual reality (VR) and auto-pilot
driving applications requires higher and higher wireless data
rate. To meet the requirement, more and more high frequency
bands such as millimeter wave and terahertz bands are being li-
censed [1]. Since radio frequency (RF) spectrum resources are
scarce, besides exploiting more frequency bandwidth, innova-
tive techniques to enhance spectrum efficiency (SE) have been
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explored, such as advanced coding, cognitive radio (CR) and
massive multiple-input multiple-output (MIMO). In essence,
all these techniques are based on planar electromagnetic (EM)
waves physically. Since the discovery in 1992 that light beams
with helical phase fronts can carry orbital angular momentum
(OAM) [2], a significant research effort has been focused on
vortex EM waves as a novel approach for multiplexing a set
of orthogonal OAM modes on the same frequency channel
and achieving high SEs [3]–[9]. However, there are still some
technical challenges for practical application of line-of-sight
(LoS) OAM wireless communications.
The precondition of achieving mode multiplexing is to
generate multiple OAM modes simultaneously. Typical ap-
proaches of using planar phase plate [10], [11], spiral phase
plate (SPP) [12], helicoidal parabolic antenna [13] and uni-
form circular array (UCA) [14] are easy to generate single-
mode OAM wave due to simple antenna structures. However,
radiating multi-mode OAM beams from a single aperture still
has big challenges. So far, a few antenna structures have been
proposed to generate multi-mode OAM waves by SPPs [4],
solid cylinder dielectric resonator antenna [15], a tri-mode
concentric circularly polarized patch antenna [16], metallic
traveling-wave ring-slot structure [17], time-switched array
structure [18], the uniform concentric circular array (UCCA)
[19] and metasurface [20], [21]. Since antenna array is popular
in modern wireless communication systems (e.g., 4G, 5G and
Beyond 5G) and easy to steer the beam direction of OAM
[22], [23], we focus on the UCA instead of other complicated
antenna structures for OAM generation and reception in this
paper.
Another challenge for practical application of LoS OAM
wireless communication is that OAM requires perfect align-
ment between the transmit and receive antennas [24]. At least,
the beam directions of the transmit and receive antennas have
to be aligned to avoid large performance degradation [23]. To
steer the beam direction of the receive antenna towards the
angle of arrived beam, angle of arrival (AoA) estimation has
to be performed first. Although traditional AoA estimation of
planar EM waves has been well studied, the AoA estimation of
vortex EM waves is rarely investigated in the field of wireless
communications. Interestingly, a few papers on OAM-based
radar claimed that with vortex EM waves radar could obtain
azimuthal super-resolution. In [25], an OAM-based radar target
detection model with UCA was established for the first time.
To accurately perform azimuth estimation with limited number
of subcarriers and OAM modes, a 2-D super-resolution OAM
radar target detection method is proposed in [26] based on the
estimating signal parameter via rotational invariance (ESPRIT)
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Fig. 1: UCA-based multi-mode OAM transmitter implemented
by (a) RF analog synthesis with phase shifters and power
combiners, and (b) baseband digital synthesis.
algorithm. Inspired by the OAM radar target detection, in this
paper, we propose an accurate AoA estimation method for
aligning the transmit and receive beam directions in LoS OAM
wireless communications.
It is now generally accepted that the superiority of UCA-
based OAM system to the MIMO system is the low trans-
mitter and receiver complexity due to no need of channel
state information (CSI) at either transmitter or receiver, and
OAM dose not offer any additional gains in channel capacity
[6], [27], [28]. However, in practical applications when the
transmit and receive antennas are misaligned with even a
small oblique angle, large performance degradation occurs.
To deal with the problem, the transmit and receive beam
steering approach is proposed in [23], which is shown to be
able to circumvent the performance deterioration in a single-
mode OAM communication system. Therefore, it is reasonable
to speculate that good reception performance could also be
obtained in a LoS multi-mode OAM communication system by
the beam steering method with highly accurate AoA estimate.
In this paper, to deal with the aforementioned challenges, we
consider the LoS multi-carrier and multi-mode OAM/OAM-
MIMO (MCMM-OAM/MCMM-OAM-MIMO) communica-
tion schemes including the generation, the distance and AoA
estimation and the reception of multi-mode OAM waves. The
novelty and major contributions of this paper are summarized
as follows:
• First, we verify that UCA can generate multi-mode OAM
radio beams with the proposed RF analog synthesis
method and baseband digital synthesis method as shown
in Fig. 1. Through EM simulation, we show that phase
distributions of UCA-based multi-mode OAM beam coin-
cide with the theoretical superimposed phase distributions
of multiple OAM modes.
• Second, we propose a UCA-based LoS MCMM-OAM
communication scheme, and formulate the signal models
of training and data transmission stages. The channel
matrix of this system is parametrized by only three
parameters, i.e., azimuth angle, the elevation angle and
the distance. Then, we propose an effective method
to estimate these three parameters based on the two-
dimensional ESPRIT (2-D ESPRIT) algorithm. Hence,
compared with the traditional MIMO-OFDM system,
there is no need to estimate large channel matrices,
greatly reducing the required training overhead especially
at sub 6 GHz bands.
• Third, we propose an OAM reception scheme includ-
ing the beam steering with the estimated AoA and the
amplitude detection with the estimated distance. We
prove that the proposed OAM reception scheme can
eliminate the inter-mode interference induced by the
misalignment error in a practical OAM channel and
approaches the performance of an ideally aligned OAM
channel. Furthermore, we extend the proposed methods
to the UCCA-based LoS MCMM-OAM-MIMO system,
for which again the channel matrices are parameterized
by only three parameters, azimuth angle, the elevation
angle and the distance.
The remainder of this paper is organized as follows. In
Section II, we verify the RF analog and baseband digital
synthesis methods for multi-mode OAM beam generation.
Based on the feasibility of generating multi-mode OAM beam
by baseband digital method, we model the UCA-based LoS
MCMM-OAM communication system in Section III. In Sec-
tion IV, the distance and AoA estimation method based on
the 2-D ESPRIT algorithm is proposed. With the estimated
distance and AoA, an OAM reception scheme is proposed
to correctly recover the transmitted data symbols in Section
V. In Section VI, the proposed methods are extended to the
UCCA-based LoS MCMM-OAM-MIMO system to achieve
higher SE. Simulation results are shown in Section VII and
conclusions are summarized in Section VIII.
II. GENERATION OF MUTI-MODE OAM WITH UCA
The feasibility of utilizing UCA to generate OAM waves
has been verified in theory [14], [29] and in practice [30],
[31]. The antenna elements in a UCA are fed with the same
input signal, but with a successive phase shift from element to
element such that after a full turn the phase has the increment
of 2pi`, where ` is an unbounded integer termed as topological
charge or OAM mode number [2]. In general, the phased UCA
can generate only single-mode OAM beam, but with phase
shifters network (PSN) and power combiners UCA is expected
to generate multi-mode OAM beam [7] as shown in Fig.1(a).
A. Superimposed Radiation of Multiple OAM Modes
The transmitter generates OAM beams with the UCA con-
sisting of N equidistant antenna elements on a circle with
radius of Rt. The phase of the nth antenna element φn = `ϕn,
where ϕn = 2pi(n − 1)/N is the azimuthal angle of the nth
antenna element. Thus, for the point T (r¯, ϕ¯, α¯) in spherical
coordinates in the direction of the OAM beam, the electric
field vector can be expressed as [14], [32]
E`(r¯, ϕ¯, α¯) ≈ βt
4pi
N∑
n=1
ei`ϕn
eik|r¯−r
′
n|
|r¯ − r′n|
≈ βt
4pi
eikr¯
r¯
N∑
n=1
e−i(k·rn−`ϕn)
≈ βtNe
ikr¯ei`ϕ¯
4pir¯
i−`J`(kRt sin α¯), (1)
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Fig. 2: The UCA model built in HFSS.
where βt models all the constants relative to each transmit
antenna element, i =
√−1 is the imaginary unit, k is
the wave vector, r¯ is the position vector of T (r¯, ϕ¯, α¯), and
J`(·) is `th-order Bessel function of the first kind. The far-
field approximations are |r¯ − rn| ≈ r¯ for amplitudes and
|r¯ − rn| ≈ r¯ − rˆ · rn for phases, where rˆ is the unit vector
of r¯, rn = Rt(xˆ cosϕn + yˆ sinϕn), xˆ and yˆ are the unit
vectors of x-axis and y-axis of the coordinate system at the
transmitter, respectively.
According to the pattern multiplication principle, the electric
field vector E`(r¯, ϕ¯, α¯) can be written as
E`(r¯, ϕ¯, α¯) = Edipole(r¯)Ψ`(ϕ¯, α¯), (2)
where Edipole(r¯) corresponds to electric dipole radiation, and
the array factor denoted by Ψ`(ϕ¯, α¯) takes the form
Ψ`(ϕ¯, α¯) =
N∑
n=1
e−i(k·rn−φn). (3)
Considering OAM mode multiplexing or multi-mode OAM
beam, the electric field at the observation point T (r¯, ϕ¯, α¯)
should be the superimposed electric fields of multiple single-
mode OAM beams. Thus, for a U -mode OAM beam with each
mode carrying one information symbol as shown in Fig. 1, the
electric field vector E(U) can be written as
E(U)(r¯, ϕ¯, α¯) =
U∑
u=1
E`u(r¯, ϕ¯, α¯)su
= Edipole(r¯)
U∑
u=1
Ψ`u(ϕ¯, α¯)su
= Edipole(r¯)
N∑
n=1
Ane
−i(k·rn−φ′n), (4)
where su is the data symbol transmitted on the uth OAM
mode, An and φ′n satisfies Ane
iφ′n =
∑U
u=1 e
i`uϕnsu. Com-
paring (2) and (3) with (4), we find that radiating U -mode
OAM beam can be achieved by feeding the nth antenna with
the amplitude An and the phase φ′n, n = 1, 2, · · · , N . Thus,
the operation of multi-mode synthesis can be fulfilled in RF
analog form as shown in Fig.1(a) or in baseband digital form as
shown in Fig.1(b). We note that other RF analog and baseband
digital synthesis methods of OAM beams have been applied
in [33] and [34], respectively.
B. Electromagnetic Simulations
To verify both the synthesis methods of generating multi-
mode OAM beam, we first build a UCA model in the high
frequency structure simulator (HFSS) from ANSYS as shown
in Fig. 2. In this model, the UCA is formed by N = 8 linearly
TABLE I: Parameters of the designed uniform circular array
Parameter Value(mm)
W0 37.26
L0 28.1
W1 18.63
L1 21.05
L2 5
Rt 81
Rd 0.6
polarised patch antennas designed at 2.45 GHz, the radius of
the UCA is 0.66λ and su = 1(u = 1, 2, · · · , U). To avoid
excessive computational burden of finite element calculations
of HFSS, the transmission distance from the UCA to the
observation plane is set as 2λ. The detailed parameters are
listed in Table I.
Then, we compare the phase distributions of the electric
fields radiated by the UCA in HFSS with the ideal phase
distributions of Laguerre-Gaussian beams in Fig.3. It can be
seen from the figure that the phase distributions of single-mode
OAM beams with mode numbers ` = +1,+2,+3 generated
by the designed UCA coincide with those of ideal OAM beams
in principle. Thus, the designed UCA in HFSS can be used
to verify the superimposed phase distributions of multi-mode
OAM beams.
After that, we feed each antenna port with corresponding
amplitude An and phase φ′n according to (4) and compare the
phase distributions of the electric fields radiated by the UCA
in HFSS with the ideal superimposed phase distributions of
two-mode OAM beams in Fig. 4. Comparing the subfigures at
the left hand side and those at the right hand side, we confirm
that UCA with either RF analog synthesis or baseband digital
synthesis can generate multi-mode OAM beams. It is known
that for the N -element UCA, at most N OAM modes can be
resolved, i.e., |`| < N/2 [14]. Hence, the multi-mode OAM
beam composed of more and higher-oder OAM modes could
also be generated by a UCA with enough number of elements
theoretically.
III. UCA-BASED LOS OAM COMMUNICATION SYSTEMS
We consider a radio LoS OAM communication system,
where a multi-mode OAM beam is generated by an N -element
UCA at the transmitter and received by another N -element
UCA at the receiver. In practice, perfect alignment between
the transmit and receive UCAs may be difficult to realize.
Therefore, we consider more practical misalignment cases.
For easier analysis we adopt the non-parallel misalignment
case [23] as shown in Fig. 5 but with a more general model
including both elevation angle α and azimuth angle ϕ.
A. Channel Model
In free space communications, propagation through the RF
channel leads to attenuation and phase rotation of the trans-
mitted signal. This effect is modelled through multiplying by
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Fig. 3: The rotational phase of an OAM beam simulated by
HFSS with mode number: (a) ` = +1, (c) ` = +2, (e) ` = +3;
and the ideal rotational phase of an OAM beam simulated by
MATLAB with mode number: (b) ` = +1, (d) ` = +2, (f)
` = +3. A change in color from blue to green, yellow and
red to blue again corresponds to a change in phase of 2pi.
a complex constant h, whose value depends on the frequency
and the distance d between the transmit and receive antenna
[27]:
h(k, d) =
β
2kd
exp (−ikd) , (5)
where λ is the wavelength, k = 2pi/λ is the wave number,
and 1/(2kd) denotes the degradation of amplitude, β = βrβt,
βr models all the constants relative to each receive antenna
element, and the complex exponential term is the phase
difference due to the propagation distance. It is worth noting
that in order to mainly analyze the factors we concerned, the
transmission loss caused by the polarization mismatch between
the transmit and receive UCAs is ignored here.
The geometrical model of the UCA-based LoS OAM chan-
nel is illustrated in Fig. 6. In the geometrical model, the
transmitter coordinate system Z′−X′OY′ is established using
the transmit UCA plane as the X′OY′ plane and the axis
through the transmit UCA center O and perpendicular to the
UCA plane as the Z′-axis, and the receiver coordinate system
Z¯ − X¯O¯Y¯ is established on the plane of the receive UCA by
the similar approach. Since the transmit UCA is aligned with
the center of the receive UCA in the non-parallel misalignment
case, the coordinate of the receive UCA center can be denoted
as O¯(r, 0, 0) in Z′ − X′OY′ in the non-parallel misalignment
case. D is the projection of O on the X¯O¯Y¯ plane, and the
coordinate of the transmit UCA center is denoted as O(r, ϕ, α)
in Z¯− X¯O¯Y¯, where r is the distance between the transmit and
the receive UCA centers, ϕ is the azimuth angle, α is the
elevation angle, and ϕ and α are defined as the AoA of the
received OAM beams.
To obtain the estimates of ϕ and α, we have to build the
(a) (b)
(c) (d)
(e) (f)
(g) (h)
(i) (j)
Fig. 4: The phase distributions of two-mode OAM beam
simulated by HFSS with mode numbers: (a) `1 = −1,
`2 = +1, (c) `1 = −2, `2 = +2, (e) `1 = −3, `2 = +3,
(g) `1 = +1, `2 = +2, (i) `1 = +1, `2 = +3; and the phase
distributions of two superimposed ideal OAM beams simulated
by MATLAB with mode numbers: (b) `1 = −1, `2 = +1, (d)
`1 = −2, `2 = +2, (f) `1 = −3, `2 = +3, (h) `1 = +1,
`2 = +2, (j) `1 = +1, `2 = +3.
coordinate system Z − XOY that is at the transmit UCA and
parallel to Z¯− X¯O¯Y¯. According to the geometrical model, the
angle between Z′-axis and Z¯-axis is α, so is that between Z-
axis and Z′-axis. Let C be a point on the X′-axis, B is the
projection of C on the XOY plane, and A is the projection of
B on the X-axis, then ∠BOC = α. As the line OB is parallel
to the line O¯D and X-axis is parallel to X¯-axis, ∠AOB = ϕ.
Denote the angle between X′-axis and X-axis as γ, then γ can
be obtained as
γ = ∠AOC = arccos (cos(∠AOB) cos(∠BOC))
= arccos (cosα cosϕ) . (6)
Define the angle between the line Oℵ and X′-axis as φ and
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Fig. 5: UCA-based LoS OAM communication system.
the angle between the line O¯< and X¯-axis as θ, where ℵ is the
position of the nth (1 ≤ n ≤ N ) element at the transmitter
and < is the position of the mth (1 ≤ m ≤ N ) element at the
receiver. According to (5) and the geometric relationship in
Fig. 6, the channel coefficients from the nth transmit antenna
element to the mth receive antenna element can be expressed
as hm,n = h(k, dm,n), where the transmission distance dm,n
is calculated as
dm,n =
[
R2t +R
2
r + r
2 − 2rRr cos θ cosϕ sinα
− 2RtRr(cosφ cos θ cos γ + sinφ sin θ cosϕ)
− 2RtRr(sinφ cos θ sinϕ− cosφ sin θ sinϕ cosα)
+ 2rRr sin θ sinϕ sinα]
1/2, (7)
where Rt and Rr are respectively the radii of the transmit
and receive UCAs, φ = [2pi(n − 1)/N + φ0], θ = [2pi(m −
1)/N+θ0], φ0 and θ0 are respectively the corresponding initial
angles of the first reference antenna elements in both UCAs.
For easier analysis, we assume φ0 = 0 and θ0 = 0 here.
In the end, the channel matrix of the UCA-based free space
communication system can be expressed as H = [hm,n]N×N .
Note that when α = 0 and ϕ = 0, H is a circulant matrix
that can be decomposed by the N -dimentional Fourier matrix
FN as H = FHNΛFN , where Λ is a diagonal matrix with the
eigenvalues of H on its diagonal.
B. Signal Model
For higher data rate transmission, OFDM is often applied
and naturally the OAM-OFDM communication system has
been proposed in [7]. In an LoS MCMM-OAM communi-
cation system, we assume P subcarriers and U OAM modes
for data transmission, and P˜ subcarriers and U˜ OAM modes
for training, 1 ≤ P˜ ≤ P, 1 ≤ U˜ ≤ U .
As a UCA can generate both single-mode and multi-mode
OAM beams with the baseband (partial) discrete Fourier
transform (DFT) matrix FU , the equivalent baseband sig-
nal models of transmitting multi-mode OAM data symbols
and transmitting multiple single-mode OAM training sym-
bols can be expressed as FHU s(kp) and F
H
U˜
S′(kp), respec-
tively, where s(kp) = [s(`1, kp), s(`2, kp), · · · , s(`U , kp)]T
contains the data symbols transmitted on U OAM modes
at the pth (1 ≤ p ≤ P ) subcarrier simultaneously, and
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Fig. 6: The geometrical model of the transmit and receive
UCAs in the non-parallel misalignment case.
S′(kp) = diag{s′(`1, kp), s′(`2, kp), · · · , s′(`U˜ , kp)} consists
of the training symbols transmitted on U˜ OAM modes at the
pth (1 ≤ p ≤ P˜ ) subcarrier sequentially.
Thus, the received baseband signal vector y(kp) can be
written as
y(kp) = H(kp)F
H
U s(kp) + z(kp), (8)
where y(kp) is the N -dimensional received signal vector,
H(kp) = [hm,n(kp)]N×N is the channel matrix at the pth
subcarrier, FU = [fH(`1), fH(`2), · · · , fH(`U )]H is an
U × N (partial) DFT matrix, f(`u) = 1√N [1, e−i
2pi`u
N , · · · ,
e−i
2pi`u(N−1)
N ], z(kp) = [z(`1, kp), z(`2, kp), · · · , z(`U , kp)]T
is the complex Gaussian noise vector with zero mean and
covariance matrix σ2zIN , 1 ≤ U ≤ N , 1 ≤ p ≤ P .
Correspondingly, the received baseband training symbol
matrix Y′(kp) can be written as
Y′(kp) = H(kp)FHU˜ S
′(kp) + Z′(kp), (9)
where Y′(kp) is the N × U˜ matrix composed by the sequen-
tially received signals of training symbols on U˜ OAM modes
at the pth subcarrier, and Z′(kp) is the related additive noise
matrix, 1 ≤ U˜ ≤ N , 1 ≤ p ≤ P˜ .
The UCA-based OAM receiver has the similar RF analog
or baseband digital structure to the transmitter (see Fig.1 and
Fig.3 in [7]) but with the opposite operations, i.e., separating
different OAM modes and despiralizing each mode. Thus, the
detected OAM data symbol vector x(kp) can be expressed as
x(kp) = D(kp)y(kp)
= D(kp)
(
H(kp)F
H
U s(kp) + z(kp)
)
, (10)
where x(kp)=[x(`1, kp), x(`2, kp), · · · , x(`U , kp)]T , x(`u, kp)
(u = 1, 2, · · · , U , p = 1, 2, · · · , P ) is the detected data symbol
on the uth mode OAM at the pth subcarrier, and D(kp) is the
U×N data signal detection matrix. In the case that the transmit
and receive UCAs are in perfect alignment, the effective multi-
mode OAM channel defined as HOAM(kp) = FUH(kp)FHU
in [6] becomes the diagonal matrix ΛU (kp) composed of
U eigenvalues of H(kp), and D(kp) = Λ−1U (kp)FU . Thus,
x(kp) = s(kp) + Λ
−1
U (kp)z(kp), which shows the transmitted
data symbols being recovered and the mode multiplexing gain
of OAM communication systems being achieved. Furthermore,
6x′(`u, kp) =
N∑
m=1
hm(kp)f
H(`u)s
′(`u, kp) + z′(`u, kp)
=
β
2kp
N∑
m=1
N∑
n=1
eikp|dm,n|
|dm,n| e
i`uϕns′(`u, kp) + z′(`u, kp)
=
β
2kp
N∑
m=1
N∑
n=1
eikp|r−r
′
n+r
′
m|
|r − r′n + r′m|
ei`uϕns′(`u, kp) + z′(`u, kp)
≈ β
2kp
N∑
m=1
eikp·rm
[
eikpr
r
N∑
n=1
e−i(kp·rn−`uϕn)
]
s′(`u, kp) + z′(`u, kp)
≈ σ`u,kpeikprei`uγi−`uJ`u(kpRt sinα)J0(kpRr sinα) + z′(`u, kp), (12)
how to design D(kp) in a more general misalignment case will
be specified in Section V.
Corresponding to the training symbol transmitted on each
OAM mode at each time slot, the received signals on all the
N elements are combined at each time slot, which can be
formulated as
x′(kp) = 1TY′(kp) = 1T
(
H(kp)F
H
U˜
S′(kp) + Z′(kp)
)
,
(11)
where x′(kp) = [x′(`1, kp), x′(`2, kp), · · · , x′(`U˜ , kp)],
x′(`u, kp) is the combined signal corresponding to s′(`u, kp),
u = 1,2, · · · , U˜ , p = 1, 2, · · · , P˜ .
IV. DISTANCE AND AOA ESTIMATION FOR OAM BEAMS
A. Problem Formulation
As in MIMO communications, in OAM the transmitted
frames may carry a combination of training and data symbols.
In the case of MIMO, pilot data is used to perform channel
estimation, and it is well known that the number of training
symbols per subcarrier or subchannel has to be larger than the
number of transmit antennas. On the other hand, in the case of
OAM, pilot data are exploited for distance and AoA estima-
tion, and U˜ (1 ≤ U˜ ≤ N) training symbols per subcarrier or
subchannel are required. Accordingly, we assume the training
symbols {s′(`u, kp)|u = 1, 2, · · · , U˜ ; p = 1, 2, · · · , P˜} are
known to the OAM receiver.
Then, based on (1), (11) and the coordinate transformation
in Section III. A, the combined signal x′(`u, kp) in the
Z¯ − X¯O¯Y¯ coordinate system can be derived in (12), where
hm(kp) = [hm,1(kp), hm,2(kp), · · · , hm,N (kp)], σ`u,kp =
βN2
2kpr
s′(`u, kp) is a function of r and unrelated to α and
ϕ, and dm,n is the position vector from the nth transmit
antenna element to the mth receive antenna element, rm =
Rr(xˆ
′ cos θ + yˆ′ sin θ), xˆ′ and yˆ′ are the unit vectors of X¯-
axis and Y¯-axis, respectively.
Overall, the aim of the distance and AoA estimation is to
obtain the distance r, the elevation angle α and the azimuthal
angle ϕ from the signals {x′(`u, kp)|u = 1, 2, . . . , U˜ ; p =
1, 2, · · · , P˜}.
B. Distance and AoA Estimation Based on 2-D ESPRIT
According to the expression in (12), we propose to first
estimate r and γ with 2-D ESPRIT algorithm, and then extract
α and ϕ.
1) Estimation of r and γ: The ESPRIT algorithm provides
an elegant means for estimating the parameters of complex
sinusoidal signals embedded in white Gaussian noise. Ac-
cordingly, at the receiver, we need to extract the exponentials
containing r and γ from the signal x′(`u, kp) received on
the uth mode OAM at the pth subcarrier by performing the
following operation
x˜(`u, kp) =
x′(`u, kp)
|x′(`u, kp)|
s′(`u, kp)∗
|s′(`u, kp)| i
`usign(x′(`u, kp))
= eikprei`uγ + z˜(`u, kp), (13)
where z˜(`u, kp) is the noise, kp = 2pifp/c, kp+1 − kp = 1,
`u+1 − `u = 1, p = 1, 2, · · · , P˜ and u = 1, 2, · · · , U˜ .
All the signals received on the U˜ OAM modes at the
P˜ subcarriers can be collected in the matrix X˜U˜,P˜ =
[x˜(`u, kp)]U˜×P˜ . In the estimation of r, we first build the U˜ P˜ -
dimensional vector xC by stacking the columns of X˜U˜,P˜ as
xC = cvec
(
X˜U˜,P˜
)
= [x˜(`1, k1), x˜(`2, k1), · · · , x˜(`U˜ , kP˜ )]T ,
so that we can express the received signal in compact form as
xC = a + zC . (14)
where a = [eik1rei`1γ , eik1rei`2γ , · · · , eikP˜ rei`U˜γ ]T and zC is
the noise vector. The covariance matrix of xC can be written
as
RxC = E
{
xCx
H
C
}
= aaH + RzC , (15)
where RzC = E
{
zCz
H
C
}
. The eigen value decomposition
(EVD) of RxC is
RxC = QΩQ
H , (16)
where Q is an U˜ P˜ × U˜ P˜ unitary matrix and Ω=diag(χ1,
χ2, · · · , χU˜P˜ ). Denote χmax=max{χm|m = 1, 2, · · · , U˜ P˜},
and the eigenvector corresponding to χmax as the signal
7subspace q, which satisfies
RxCq = χmaxq. (17)
Now, the subspace spanned by q is the signal subspace
spanned by a so that the following relationship holds true
a = δq, (18)
where δ is a non-zero scalar. If we consider the two vectors a1
and a2 , obtained by taking the first and the last U˜ × (P˜ − 1)
elements of a, respectively, it is a2 = a1Φ, where Φ = eir.
To obtain an estimate of Φ and r, we construct the two vectors
q1 and q2, composed by the first and by the last U˜ × (P˜ − 1)
elements of q, respectively. Then, exploiting the fact that a1 =
δq1 and a2 = δq2, one obtains
q2 = q1Φ, (19)
which leads to
eir = Φ = q†1q2. (20)
In the estimation of γ, we stack the rows of the matrix
X˜U˜,P˜ in the vector denoted by xR,
xR = rvec
(
X˜U˜,P˜
)
= [x˜(`1, k1), x˜(`1, k2), · · · , x˜(`U˜ , kP˜ )]T ,
so that xR can be expressed as
xR = b + zR, (21)
where b = [eik1rei`1γ , eik2rei`1γ , · · · , eikP˜ rei`U˜γ ]T and zR
is the noise vector. By computing the correlation matrix
RxR = E
{
xRx
H
R
}
and following the same method described
for obtaining an estimate of r we can obtain an estimate of γ.
2) Estimation of α and ϕ: After estimating r and γ based
on 2-D ESPRIT algorithm, we can obtain the elevation angle α
with r and the amplitudes {|x′(`u, kp)| |p = 1, 2, . . . , P˜ ;u =
1, 2, · · · , U˜} through the equations
J`u(kpRt sinα)J0(kpRr sinα) ≈ δ(`u, kp),
p = 1, 2, . . . , P˜ ; u = 1, 2, · · · , U˜ , (22)
where δ(`u, kp) =
|x′(`u,kp)|
|σ`u,kp | sign(x
′(`u, kp)), the approxima-
tion neglects the effect of noise at high receive signal-to-noise
ratio (SNR). Thus, all the solutions of α can be obtained from
(22) numerically [35].
The receiver can receive signals from the transmitter only
when the transmitter is located within the main lobe of the
receive UCA. Thus, we assume that [αa, αb] is the angle
range of the receive UCA’s main lobe, and obtain a number
of solutions of (22) denoted as {αˆw(`u, kp)|αˆw(`u, kp) ∈
[αa, αb], w = 1, 2, . . . ,W`U˜ ,kP˜ }, where αˆw(`u, kp) is the wth
possible solution of α corresponding to x′(`u, kp). In order
to determine the final estimate of α, we first look for U˜ × P˜
solutions {αˆw(`u, kp)} by the following method:
(i) Divide [αa, αb] into D intervals denoted as [αa1,
αb1], [αa2, αb2], · · · , [αaD, αbD], where αa1 = αa
and αbD = αb;
(ii) Categorize all the solutions {αˆw(`u, kp)} into corre-
sponding intervals;
(iii) Count the number of solutions in each interval and
denote it as M,  = 1, 2, · · · ,D;
(iv) Let M = max{M| = 1, 2, · · · ,D}, if M > U˜ ×
P˜ , D = D+1, and return to (i); else ifM = U˜× P˜ ,
αˆw(`u, kp) within [αa, αb] is used as the estimates
of α, denoted as αˆ(`u, kp).
In this case, the U˜ × P˜ estimates of α can be expressed as
αˆ(`u, kp) =α+ ε(`u, kp), p = 1, 2, . . . , P˜ ; u = 1, 2, · · · , U˜ ,
where ε(`1, k1), ε(`2, k1), · · · , ε(`U˜ , kP˜ ) represent the estima-
tion errors. Assume ε(`1, k1), ε(`2, k1), · · · , ε(`U˜ , kP˜ ) have
the average variance Var(ε). Thus,
Var
 1
U˜ P˜
P˜∑
p=1
U˜∑
u=1
αˆ(`u, kp)
 = Var (ε)
U˜ P˜
. (23)
Therefore, αˆ = 1
U˜P˜
∑P˜
p=1
∑U˜
u=1 αˆ(`u, kp) is adopted as the
estimate of α. After obtaining αˆ, the estimated value of ϕ can
be calculated from (6) as ϕˆ = arccos (cos γˆ/ cos αˆ), where
γˆ is the estimated value of γ. Thus, the AoA estimation of
MCMM-OAM beam is completed.
V. RECEPTION OF MUTI-MODE OAM SIGNALS
In this section, we first investigate the effect of ϕ and α on
the LoS multi-mode OAM channel, and then find the effect
of the proposed beam steering on inter-mode interferences.
At last, we specify how to design the signal detection matrix
D(kp).
A. Effects of ϕ and α on OAM Inter-mode Interferences
By assuming that the transmit and receive UCAs are in
the far-field distance region of each other, i.e. r  Rt and
r  Rr, we can approximate dm,n in (7) as
dm,n
(a)≈
√
R2t +R
2
r + r
2 − rRr cos θ cosϕ sinα√
R2t +R
2
r + r
2
− RtRr(cosφ cos θ cos γ + sinφ sin θ cosϕ)√
R2t +R
2
r + r
2
− RtRr(sinφ cos θ sinϕ− cosφ sin θ sinϕ cosα)√
R2t +R
2
r + r
2
+
rRr sin θ sinϕ sinα√
R2t +R
2
r + r
2
(b)≈ r−RtRr
r
(cosφ cos θ cos γ + sinφ sin θ cosϕ)
− RtRr
r
(sinφ cos θ sinϕ− cosφ sin θ sinϕ cosα)
−Rr(cos θ cosϕ sinα− sin θ sinϕ sinα), (24)
where (a) uses the method of completing a square and the
condition r  Rt, Rr as same as the simple case
√
a2 − 2b ≈
a − ba , a  b; (b) is directly obtained from the condition
8r  Rt, Rr. Then, substituting (24) into (5) and abbreviating
h(kp, dm,n) to hm,n(kp), we thus have
hm,n(kp)
(a)≈ β
2kpr
exp
(
− ikpr + ikpRr cos θ cosϕ sinα
+i
kpRtRr
r
(cosφ cos θ cos γ + sinφ sin θ cosϕ)
+i
kpRtRr
r
(sinφ cos θ sinϕ−cosφ sin θ sinϕ cosα)
−ikpRr sin θ sinϕ sinα
)
, (25)
where (a) neglects a few small terms in the denominator and
thus only 4pir is left. Having (25), the uth-row and vth-column
element hOAM,kp(u, v) in HOAM(kp) is calculated as
hOAM,kp(u, v) =
1
N
N∑
m=1
N∑
n=1
hm,n(kp) exp (−i`uθ + i`vφ)
= η(kp)
N∑
m=1
N∑
n=1
exp
(
−i`uθ+i`vφ+ikpRr cos θ cosϕ sinα
+ i
kpRtRr
r
(cosφ cos θ cos γ + sinφ sin θ cosϕ)
+ i
kpRtRr
r
(sinφ cos θ sinϕ− cosφ sin θ sinϕ cosα)
− ikpRr sin θ sinϕ sinα
)
(a)≈ η(kp)
N∑
q=1
exp
(
i
2piq
N
`v + i
kpRtRr
r
cos
2piq
N
)
×
N∑
m=1
N∑
n=1
exp
(
ikpRr cosϕ sinα cos
2pi(m− 1)
N
+ i
kpRtRr
r
sinϕ sin
2pi(n− 1)
N
cos
2pi(m− 1)
N
− ikpRtRr
r
sinϕ cos
2pi(n− 1)
N
sin
2pi(m− 1)
N
− ikpRr sinϕ sinα sin 2pi(m− 1)
N
− i2pi(m− 1)
N
t
)
, (26)
where η(kp) = β2kprN exp(−ikpr), q = n − m ∈ Z, t =
`u − `v ∈ Z, u, v = 1, 2, · · · , U , p = 1, 2, · · · , P , (a) applies
the approximation cos a ≈ 1 − a22 for cosα, cosϕ and cos γ
in the case that α, ϕ and γ are relatively small, and neglects
a few small terms under the condition r  Rr. Denote the
second summation in (26) as
ξ(α,ϕ, t) =
N∑
m=1
N∑
n=1
exp
(
ikpRr cosϕ sinα cos
2pi(m− 1)
N
+ i
kpRtRr
r
sinϕ sin
2pi(n− 1)
N
cos
2pi(m− 1)
N
− i kpRtRr
r
sinϕ cos
2pi(n− 1)
N
sin
2pi(m− 1)
N
− ikpRr sinϕ sinα sin 2pi(m− 1)
N
− i2pi(m− 1)
N
t
)
, (27)
Then, we can observe from (27) that if ϕ = 0, α = 0 and
t = 0, ξ = N ; if ϕ = 0, α = 0 and t 6= 0, then ξ = 0, that is
to say, HOAM is diagonal in perfect alignment case. However,
when ϕ 6= 0 or α 6= 0 and t 6= 0, then ξ 6= 0, which indicates
that ϕ and α result in inter-mode interferences. Moreover, even
if α and/or ϕ have small values, large interferences occur.
B. Beam Steering for Inter-mode Interference Cancellation
To alleviate the inter-mode interferences induced by the
misalignment, we propose applying the beam steering to the
UCA-based LoS multi-mode OAM communication systems.
The beam steering approach steers the beam pattern towards
the direction of the incident OAM beam and thus compensates
the changed phases caused by α and ϕ at the receive UCA.
Through calculating the phase difference between the refer-
ence element and the mth element of the receive UCA, the re-
ceive beam steering matrix B(kp) can be designed as B(kp) =
1⊗ b(kp), where b(kp) = [eiW1(kp), eiW2(kp), · · · , eiWN (kp)],
Wm(kp) = kpRr (sin θ sinϕ sinα− cos θ cosϕ sinα) , (28)
m = 1, · · · , N , p = 1, · · · , P . After involving these phases
into the original phases in FU at the receive UCA, the
effective multi-mode OAM channel matrix at the pth subcarrier
becomes
H′OAM(kp) = (FU B(kp)) H(kp)FHU . (29)
Theorem 1. For a LoS MCMM-OAM communication system
composed of an N -elements transmit UCA and an N -elements
receive UCA, beam steering matrix B(kp) can eliminate
inter-mode interferences induced by α and ϕ in non-parallel
misalignment case.
Proof: The uth-row and vth-column element
h′OAM,kp(u, v) in H
′
OAM(kp) can be obtained as
h′OAM,kp(u, v)=
1
N
N∑
m=1
N∑
n=1
hm,n(kp) exp(−i`uθ+i`vφ+iWm(kp))
= η(kp)
N∑
m=1
N∑
n=1
exp
(
− i`uθ+i`vφ+i kpRtRr
r
sinφ cos θ sinϕ
+ i
kpRtRr
r
(cosφ cos θ cos γ + sinφ sin θ cosϕ)
− i kpRtRr
r
cosφ sin θ sinϕ cosα
)
(a)≈ η(kp)
N∑
q=1
exp
(
i
2piq
N
`v + i
kpRtRr
r
cos
2piq
N
)
×
N∑
m=1
exp
(
−i2pi(m− 1)
N
t
)
, (30)
where (a) applies the approximation cos a ≈ 1 − a22 for
cosα, cosϕ and cos γ, and neglects a few small terms in the
condition r  Rr. From (30), we find that when t 6= 0, even
if ϕ 6= 0 and α 6= 0,
N∑
m=1
exp
(
−i2pi(m− 1)t
N
)
=
1− exp(−i2pit)
1− exp(−i 2piN t)
= 0,
That is to say, H′OAM(kp) = diag{h′OAM,kp(1, 1),
h′OAM,kp(2, 2), · · · , h′OAM,kp(U,U)}, which proves that
beam steering almost completely eliminates inter-mode
interferences.
9C. Multi-mode OAM Signal Reception
Since after proper beam steering H′OAM(kp) becomes diag-
onal, we first consider the behavior of the diagonal elements
h′OAM,kp(u, u), u = 1, 2, · · · , U , p = 1, 2, · · · , P .
Define Skp = kpRtRr/r, according to (30), the uth diago-
nal element of H′OAM(kp) takes the form
h′OAM,kp(u, u) = Nη(kp)
N∑
q=1
exp
(
i
2piq
N
`u + iSkp cos
2piq
N
)
.
(31)
Theorem 2. For a LoS MCMM-OAM communication system
composed of an N -element transmit UCA with radius Rt and
an N -element receive UCA with radius Rr at a distance
r (r  Rt, Rr) from each other in the non-parallel misalign-
ment case, after beam steering the effective channel gain of
each OAM mode h′OAM,kp(u, u) approaches a function of OAM
mode number ` and wave number kp.
Proof: Recall that the Taylor series expansion of the ex-
ponential function is ex =
∑+∞
g=0(x
g)/g!. Then, we substitute
it into (31) and have
h′OAM,kp(u, u)=Nη(kp)
N∑
q=1
exp
(
i
2piq
N
`u
)
exp
(
iSkp cos
2piq
N
)
= Nη(kp)
N∑
q=1
exp
(
i
2piq
N
`u
)
×
+∞∑
g=0
ig
g!
(
exp(i 2piqN ) + exp
(−i 2piqN )
2
)g
Sgkp
= Nη(kp)
+∞∑
g=0
ig
2gg!
N∑
q=1
exp
(
i
2piq
N
`u
)
×
g∑
l=0
(
g
l
)
exp
(
il
2piq
N
)
exp
(
− i(g − l)2piq
N
)
Sgkp
= Nη(kp)
+∞∑
g=0
ig
2gg!
g∑
l=0
(
g
l
) N∑
q=1
exp
(
i(`u + 2l−g)2piq
N
)
Sgkp .
(32)
For the last summation in (32), it is easy to verify that
N∑
q=1
exp
(
i(`u + 2l − g)2piq
N
)
=
{
0, ModN (`u+2l−g) 6=0;
N, ModN (`u+2l−g)=0.
(33)
When 0 ≤ g ≤ min {|`u|, N − |`u|}, we always have (recall
that 0 ≤ l ≤ g)
−N < `u + 2l − g < N. (34)
The detailed derivation of (34) is omitted due to limited space.
When 0 ≤ g < min {|`u|, N − |`u|}, (33) is always zero, i.e.,
the Taylor series of h′OAM,kp(u, u) does not contain the terms
Sgkp , and when g = min {|`u|, N − |`u|}, (33) equals to N if
and only if
l =
{
0, `u ≥ 0;
g, `u < 0.
(35)
Distance and
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Fig. 7: The block diagram of a LoS MCMM-OAM communi-
cation system with the signal detection assisted by the distance
and AoA estimation at the receiver.
Thus, the coefficient of Smin{|`u|,N−|`u|}kp in (32) is written as{
N
2|`u| · i
|`u|
|`u|! , g = |`u|;
N
2(N−|`u|) · i
(N−|`u|)
(N−|`u|)! , g = N − |`u|.
(36)
Furthermore, when g > min {|`u|, N − |`u|}, the coefficient
of Sgkp is much smaller due to the term
1
2gg! , and hence the
term {Sgkp |g > min {|`u|, N − |`u|} is counted into the higher
order infinitesimal of Sgkp denoted as o{S
g
kp
} as Skp goes to
zero.
Therefore, for r  Rt, Rr the u-th diagonal elements of
H
′
OAM(kp) can be approximately obtained as
h′OAM,kp(u, u) ≈ η(kp)
N2
2τ
iτ
τ !
· Sτkp , (37)
where τ = min {|`u|, N − |`u|}. It follows that in the
long-distance communication scenario all diagonal elements
{h′OAM,kp(u, u), u = 1, 2, · · · , U , p = 1, 2, · · · , P} can be
analytically characterized.
Given that kp, Rt, Rr, N and `u are known to the receiver,
the effective channel coefficient h′OAM,kp(u, u) of each OAM
mode is only the function of r, which leads to very simple
signal detection, i.e.,
x(kp) = Γ
−1(kp)FU B(kp)
(
H(kp)F
H
U s(kp) + z(kp)
)
≈ s(kp) + zˆ(kp), p = 1, 2, · · · , P, (38)
where zˆ(kp) = Γ−1(kp)FU  B(kp)z(kp) = [zˆ(`1, kp),
zˆ(`2, kp), · · · , zˆ(`U , kp)]T , Γ(kp) = diag{ζ(`1, kp), · · · ,
ζ(`U , kp)} is a diagonal matrix, and
ζ(`u, kp) = η(kp)
N2
2τ
iτ
τ !
· Sˆτkp , u = 1, 2, · · · , U, (39)
Sˆkp = kpRtRr/rˆ. Following the signal model in (10), the
detection matrix D(kp) can be designed as the cascade of the
beam steering matrix B(kp), the despiralization matrix FU
and the amplitude detection matrix Γ−1(kp), i.e.,
D(kp) = Γ
−1(kp)FU B(kp). (40)
Fig. 7 shows the block diagram of a LoS MCMM-OAM
communication system with the signal detection assisted by
the distance and AoA estimation at the receiver.
Denote the estimate of r as rˆ. Then, if rˆ, αˆ and ϕˆ
are accurate enough, the effective multi-mode OAM channel
matrix H′OAM(kp) approaches diagonal according to Theorem
1. Since FU  B(kp) is semi-unitary (FU  B(kp)(FHU 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Fig. 8: The prototype of an uniform concentric circular array
with 64 elements for OAM-MIMO multiplexing in [19].
BH(kp)) = I) and does not change the noise power, beam
steering and amplitude detection convert the vector signal
detection into multiple independent scalar signal detection
greatly reducing the computational complexity. However, con-
sidering the inevitable estimation errors of r, α and ϕ in
practice and the higher order infinitesimal term in (37), we
have to evaluate the effect of these errors on the system SE
and detection performance. Following (38), we have
x(`u, kp) =
1
ζ(`u, kp)
U∑
v=1
h′OAM,kp(u, v)s(`v, kp) + zˆ(`u, kp)
= s(`u, kp) +
o{Sτkp}s(`u, kp)
ζ(`u, kp)
+∑
v 6=u
h′OAM,kp(u, v)
s(`v, kp)
ζ(`u, kp)
+
zˆ(`u, kp)
ζ(`u, kp)
. (41)
Therefore, the signal-to-interference-plus-noise ratio (SINR)
of the uth mode OAM at the pth subcarrier can be formulated
as
SINR(`u, kp) =
ζ(`u, kp)
2E
(
|s(`u, kp)|2
)
U∑
v=1
|L(u, v, kp)|2E
(
|s(`v, kp)|2
)
+ E
(
|z(`u, kp)|2
) , (42)
where
L(u, v, kp) =
{
h′OAM,kp(u, v), v 6= u;
o{Sτkp}, v = u.
(43)
Thus, the SE of the LoS MCMM-OAM communication system
described in (38) can be written as
C =
(
1− TpP˜
TcP
)
1
P
P∑
p=1
U∑
u=1
log2 (1 + SINR(`u, kp)) , (44)
where Tc is the length of the coherence time over which the
channel can be assumed constant, and Tp is the time spent in
transmitting training symbols.
VI. UCCA-BASED LOS OAM-MIMO COMMUNICATIONS
A. LoS MCMM-OAM-MIMO Systems With UCCAs
In order to further enhance the degree of freedom and
increase the multiplexing gain of the UCA-based LoS OAM
communication systems, multiple concentric UCAs are ex-
ploited in the transmitter and the receiver to achieve 100 Gbps
data rate [19]. The prototype of the UCCA for LoS OAM-
MIMO communications is shown in Fig. 8.
For the aforementioned LoS MCMM-OAM system com-
bined with MIMO (i.e, replace UCAs with UCCAs), we
assume that the UCCAs at the transmitter and the receiver
both consist of N concentric UCAs with radii Rtn and Rrm ,
m, n = 1, 2, · · · ,N. Then, the channel matrix of the UCCA-
based communication system can be written as H¯(kp) =
[Hm,n(kp)]N×N, where Hm,n(kp)(m, n = 1, 2, · · · ,N) de-
notes the N × N channel matrix from the nth UCA in the
transmit UCCA to the mth UCA in the receive UCCA. When
α = 0 and ϕ = 0, {Hm,n|m, n = 1, 2, · · · ,N} are all circulant
matrices.
B. Reception of LoS MCMM-OAM-MIMO Signals
As the distances and AoAs for every pair of the transmit
and receive UCAs are exactly the same, the proposed AoA
estimation and beam steering methods based on a single
UCA in Section IV and V can be directly utilized in the
UCCA-based system. Hence, the required number of training
symbols of the LoS MCMM-OAM-MIMO system does not
increase with the number of subcarriers, transmit and receive
antenna elements, which is opposite in traditional MIMO-
OFDM channel estimation. Thus, the effective channel of the
LoS MCMM-OAM-MIMO system can be written as
H′OAM-MIMO(kp) = IN ⊗ FU  B¯(kp)H¯(kp)IN ⊗ FHU
=
[
H′OAMm,n(kp)
]
N×N , (45)
where B¯(kp)=diag{B1(kp),B2(kp), · · · ,BN(kp)}, Bm(kp)
is the receive beam steering matrix corresponding the m-
th UCA of the receive UCCA, H′OAMm,n(kp)(m, n =
1, 2, · · · ,N) denotes the U × U effective MCMM-OAM
channel matrix from the nth UCA in the transmit UCCA to
the mth UCA in the receive UCCA, and H′OAMm,n(kp) =
(FU Bm(kp)) Hm,n(kp)FHU is diagonal. It follows that after
beam steering only inter-mode interferences are eliminated,
while co-mode interferences between different UCAs are
remaining. Similar to (37), the elements of H′OAMm,n(kp) are
functions of r given that kp, Rtn , Rrm , N and `u are known.
Then, the signal detection for the LoS MCMM-OAM-
MIMO system could be expressed as
x¯(kp) = D¯(kp)y¯(kp)
= Γ¯−1(kp)IN ⊗ FU  B¯(kp)
(
H¯(kp)IN ⊗ FHU s¯(kp) + z¯(kp)
)
= s¯(kp) + I(kp) + ˆ¯z(kp), (46)
where s¯(kp) = [sT1 (kp),s
T
2 (kp),· · · ,sTN(kp)]T , y¯(kp) =
[yT1 (kp),y
T
2 (kp), · · · ,yTN(kp)]T and x¯(kp) = [xT1 (kp),
xT2 (kp), · · · , xTN(kp)]T are the transmitted, received and
detected data symbol vectors of the UCCA-based systems,
respectively, sn(kp) =[sn(`1, kp),sn(`2, kp),· · · ,sn(`U , kp)]T ,
ym(kp)=[ym(`1, kp),ym(`2, kp),· · · ,ym(`U , kp)]T and xm(kp)
=[xm(`1, kp),xm(`2, kp),· · · , xm(`U , kp)]T are the corre-
sponding transmitted, received and detected data symbol vec-
tors on the nth transmit and the mth receive UCA, z¯(kp) =
[zT1 (kp), z
T
2 (kp), · · · , zTN(kp)]T is the additive noise vector
on the receive UCCA, zn(kp) = [zn(`1, kp), zn(`2, kp), · · · ,
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TABLE II: The complexity comparison between MCMM-
OAM and MIMO-OFDM.
Scheme Complexity
MCMM-OAM-MIMO
AoA estimation O
(
P˜ 3U˜3
)
Beam steering O (PUN2N3)
Amplitude detection O (PU3N3)
MIMO-OFDM
Channel estimation O (PN3N3)
Signal detection O (PN3N3)
zn(`U , kp)]
T , ˆ¯z(kp) = D¯(kp)z¯(kp), D¯(kp) = Γ¯−1(kp)IN
⊗FU  B¯(kp) is the detection matrix for y¯(kp), Γ¯−1(kp)
is the matrix designed for eliminating the remaining co-
mode interferences between UCAs, and Γ¯(kp) = [Γm,n]N×N,
Γm,n = diag{ζm,n(`1, kp), · · · , ζm,n(`U , kp)} and
ζm,n(`u, kp) = η(kp)
N2
2τ
iτ
τ !
· Sˆτm,n(kp),
Sˆm,n(kp) = kpRtnRrm/rˆ, m, n = 1, 2, · · · ,N, and I(kp) =(
Γ¯−1(kp)H′OAM-MIMO(kp)− INU
)
s¯(kp) is the remaining in-
terferences induced by the error in detection matrix. The block
diagram shown in Fig.7 can also be applied to the MCMM-
OAM-MIMO communication system as long as s(kp), FU ,
H(kp), z(kp), y(kp), D(kp) and x(kp) are respectively re-
placed with s¯(kp), F¯U , H¯(kp), z¯(kp), y¯(kp), D¯(kp) and
x¯(kp), where F¯U = IN ⊗ FU .
In the presence of interferences and noise, if we define
RI(kp) and R
ˆ¯z(kp) as the NU × NU covariance matrices
of I(kp) and ˆ¯z(kp), i.e.,
RI(kp) =
(
Γ¯−1(kp)H′OAM-MIMO(kp)− I
)
E
(
s¯(kp)¯s
H(kp)
)(
Γ¯−1(kp)H′OAM-MIMO(kp)− I
)H
,
R
ˆ¯z(kp) =D¯(kp)E
(
z¯(kp)z¯
H(kp)
)
D¯H(kp),
the SINR of the uth mode OAM generated by the nth UCA
at the pth subcarrier can be formulated as
SINRn(`u, kp) =
E
(
|sn(`u, kp)|2
)
[RI(kp)]κ,κ +
[
Rˆ¯z(kp)
]
κ,κ
, (47)
where κ = (n− 1)N + u, n = 1, 2, · · · ,N.
Therefore, the SE of the LoS MCMM-OAM-MIMO system
can be written as
C =
(
1− TpP˜
TcP
)
1
P
P∑
p=1
U∑
u=1
log2
(
1 + SINRn(`u, kp)
)
+
1
P
P∑
p=1
U∑
u=1
N∑
n=2
log2
(
1 + SINRn(`u, kp)
)
. (48)
C. Performance and Complexity Discussions
In this part, we mainly analyze the training overhead
and computational complexity of the proposed LoS MCMM-
OAM-MIMO system multiplexing P subcarriers and U modal-
ities, which is similar in structure to the traditional MIMO-
OFDM system using P subcarriers and NN × NN antenna
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Fig. 9: The complexities of the MCMM-OAM-MIMO system
and MIMO-OFDM system vs. N and N at P = 64, P˜ =
8, U = U˜ = 4.
elements. In traditional MIMO-OFDM communication sys-
tems especially at sub 6 GHz bands, to correctly recover the
transmitted data symbols, channel estimation has to determine
the NN × NN channel coefficients for each subcarrier, i.e.,
PN2N2 unknown variables in total. Thus, the required num-
ber of training symbols increase proportional to P , N and N in
large-scale antenna systems. However, by taking advantage of
the geometrical relationship between the transmit and receive
UCCAs, given that the radii and the numbers of UCAs’
elements of the transmit UCCA are known to the receiver,
the LoS MCMM-OAM-MIMO communication systems only
need determining three unknown parameters, i.e, the azimuth
angle ϕ, the elevation angle α and the distance r to recover
the transmitted data symbols. Since P˜ and U˜ have only effect
on the accuracy of distance and AoA estimation, when ϕˆ, αˆ
and rˆ are accurate enough, the number of training symbols
required by the LoS MCMM-OAM-MIMO systems do not
need to increase with P , N and N even in large-scale antenna
systems. Therefore, although the LoS MCMM-OAM-MIMO
system has the same channel capacity as the LoS MIMO-
OFDM system, it requires much less training overhead and
thus improving the system SE.
For LoS MCMM-OAM-MIMO communication systems, the
complexity of the proposed distance and AoA estimation
method is determined by the complexity of the EVD in (16)
corresponding to the values of P˜ and U˜ , the complexity of
the proposed beam steering method is determined by the
complexity of the calculating H′OAM-MIMO(kp) corresponding
to the values of P , U N and N, and the complexity of
the proposed amplitude detection method is determined by
the complexity of the calculating D¯(kp) corresponding to the
values of P , U and N. The specific computational complexity
of the proposed AoA estimation and signal reception for LoS
MCMM-OAM-MIMO communication systems is compared
with that of traditional MIMO-OFDM communication systems
in the Table II, and the total computational complexity compar-
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Fig. 10: The AoA estimation results of the proposed method.
ison between the LoS MCMM-OAM-MIMO communication
system and MIMO-OFDM communication system is shown in
the Fig.9. It can be seen from the figure that the complexity
of LoS MCMM-OAM-MIMO system is lower than traditional
MIMO-OFDM systems when N and N are large. For example,
when P = 64, P˜ = 8, U = U˜ = 4, N = 16 and N = 4, the
LoS MCMM-OAM-MIMO system has lower computational
complexity than the traditional MIMO-OFDM system.
VII. NUMERICAL SIMULATIONS AND RESULTS
In this section we show the performances of the proposed
methods by numerical simulations. We first verify the pro-
posed distance and AoA estimation method at different SNRs,
and then compare the BER performances of the proposed
OAM signal reception scheme with those of the perfect
aligned OAM channel. At last, the SEs of the UCA-based LoS
MCMM-OAM system, the UCCA-based LoS MCMM-OAM-
MIMO system and the traditional MIMO system are compared
under different numbers of OAM training symbols. Unless
otherwise stated, the SNRs in all the figures are defined as
the ratio of the received signal power versus the noise power.
In Fig. 10, we choose P˜ = 8 subcarriers from
2.244GHz to 2.578GHz corresponding to the wave numbers
k1, k2, · · · , k8 = 47, 48, . . . , 54, N = 9, U˜ = 8 with
`1, `2, · · · , `8 = −4,−3, · · · ,+3, Rt = Rr = 15λ1, λ1 =
2pi/k1, (r, ϕ, α) = (40m, 7◦, 7◦), [αa, αb] = [2◦, 8◦] and the
initial number of intervals D = 2. These parameters are se-
lected to ensure the receive UCA being within the main lobe of
the transmit UCA at all subcarrier frequencies achieving large
enough receive SNRs. Then, by using the proposed distance
and AoA estimation method based on 2-D ESPRIT algorithm,
the estimated locations of the MCMM-OAM transmitter are
shown in Fig. 10. It is obvious to see from the figure that the
estimated distances and AoAs approach to the actual values
with the increase of the SNR, e.g., when SNR reaches 20dB,
(rˆ, ϕˆ, αˆ) = (40.000m, 6.997◦, 7.003◦) is very close to the
actual location.
Fig.11 illustrates the normalized mean-squared errors (NM-
SEs) of rˆ, ϕˆ, αˆ and γˆ versus SNR. The NMSE is defined as
E{(xˆ − x)2/x2}, where xˆ denotes the estimate of x. It can
be seen from Fig. 11 that as SNR increases all the NMSEs
of rˆ, ϕˆ, αˆ and γˆ decline. Specifically, due to different effects
of SNR on the estimations of r, ϕ, α and γ, their NMSEs
are different, where rˆ and ϕˆ have the lowest and the highest
NMSE, respectively.
Fig.12 and Fig.13 show the NMSEs of rˆ, ϕˆ, αˆ and γˆ versus
the number of OAM modes U˜ and the number of subcarriers
P˜ . It can be seen from the almost same two figures that as
U˜ and P˜ increase the NMSEs of rˆ, ϕˆ, αˆ and γˆ all decreases.
The effects of U˜ and P˜ on the estimation performances of r,
ϕ, α and γ are the same due to that U˜ and P˜ are symmetrical
in the 2-D ESPRIT-based estimation method. However, the
NMSEs of rˆ, ϕˆ, αˆ and γˆ are different. In contrast to rˆ, γˆ and
ϕˆ, αˆ changes slowly with the increase of U˜ and P˜ since that
it mainly depends on the search procedure under (22).
After obtaining the estimated distance and AoA, Fig. 14
compares the BERs of the proposed OAM signal detection
scheme with those of the amplitude detection in perfect aligned
OAM channel under N = 9 and 16QAM modulation. When
U = 5, the BERs of the OAM signal detection including beam
steering (BS) and amplitude detection (AD) are very close to
those of the AD in perfect aligned OAM channel. It is worth
noting that the BER of the proposed OAM signal detection
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Fig. 11: The NMSEs of the estimated rˆ, ϕˆ, αˆ and γˆ vs. SNR
at P˜ = 8 and U˜ = 8.
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Fig. 12: The NMSEs of the estimated rˆ, ϕˆ, αˆ and γˆ vs. the
number of OAM modes U˜ at SNR=15dB.
does not increase significantly when using fewer OAM modes
(i.e., U˜ = 4 with `1, `2, `3, `4 = −2,−1, 0,+1) in the distance
and AoA estimation. Comparing U = 4 with U = 5, both the
BERs of the OAM signal detection with U˜ = 8 and U˜ = 4
become much better because of abandoning the high-order
OAM modes with smaller gains.
In Fig. 15, Tc is assumed to be 256 OFDM symbols, N = 9.
Then, the SEs of the UCA-based LoS MCMM-OAM system
under different values of U and U˜ are shown in Fig. 15. It
can be seen from the figure that in contrast to the reception
with only AD and without BS, the SEs of the UCA-based LoS
MCMM-OAM system with practical BS and AD are greatly
improved in the misaligned OAM channel, which get close
to the SEs of the OAM system in perfect aligned channel.
Furthermore, the SE increases slightly when 4 OAM modes
rather than 8 OAM modes being used in the distance and AoA
estimation, because the reduced number of training symbols
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Fig. 13: The NMSEs of the estimated rˆ, ϕˆ, αˆ and γˆ vs. the
number of subcarriers P˜ at SNR=15dB.
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Fig. 14: The BER comparison of OAM detection. AD: Am-
plitude Detection
contributes more to the SE than the detriments induced by
the inaccuracy in the distance and AoA estimates. However,
too few training symbols may lead to the opposite result.
In addition, the SE of the UCA-based LoS MCMM-OAM
system with U = 4 is near to that with U = 5, which
indicates the high-order OAM modes have minor contributions
to the SE of the UCA-based OAM systems in long-distance
communications.
In Fig. 16, Tc is also assumed to be 256 OFDM symbols,
N = 16, N = 4, P˜ = 8, P = 64. The SEs of the UCCA-
based LoS MCMM-OAM-MIMO system and the traditional
MIMO-OFDM system are compared in Fig. 16. We assume
that the traditional channel estimation of the MIMO-OFDM
system requires NN = 64 training symbols per subcarrier or
subchannel. From the figure one can get the same conclusion
as in Fig. 15, which verifies that the proposed distance
and AoA estimation method and the OAM signal reception
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Fig. 15: The spectrum efficiencies of the UCA-based LoS
MCMM-OAM system. Practical BS+AD: Beam steering and
amplitude detection with the estimated values γˆ, αˆ and rˆ.
scheme can be applied to the UCCA-based LoS MCMM-
OAM-MIMO system. More importantly, it is obvious that the
SEs of the UCCA-based LoS MCMM-OAM-MIMO system
are about 20% higher than the SE of the MIMO-OFDM system
with traditional channel estimation due to the greatly reduced
number of training symbols.
VIII. CONCLUSIONS AND FUTURE WORK
A. Conclusions
In this paper, we have proposed a UCA-based LoS MCMM-
OAM communication scheme including the generation, the
distance and AoA estimation and the reception of the multi-
mode OAM beams. In terms of OAM generation, we have ver-
ified that the UCA can generate multi-mode OAM radio beam
with both the RF analog synthesis method and the baseband
digital synthesis method. Then, we proposed a distance and
AoA estimation method based on the 2-D ESPRIT algorithm,
which is shown being able to accurately estimate the location
of the LoS MCMM-OAM transmitter with flexible number
of training symbols. Thereafter, we proved that the proposed
beam steering method can eliminate inter-mode interferences
induced by the misalignment error between the transmit and
receive UCAs, and the resulting diagonal elements of the
effective OAM channel approaches a function of distance
given other parameters are fixed. Therefore, the designed
multi-mode OAM reception composed of the beam steering
and the diagonal amplitude detection is shown to achieve the
performance of an ideally aligned OAM channel and low
complexity. At last, the proposed methods are extended to
the UCCA-based LoS MCMM-OAM-MIMO system, which
exhibits higher SE than the large-scale MIMO-OFDM system
with traditional channel estimation.
B. Future Work
It is worth noting that when multiple OAM modes are trans-
mitted simultaneously, due to the interferometry, the receiving
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Fig. 16: The spectrum efficiencies of the UCCA-based LoS
MCMM-OAM-MIMO system and the traditional MIMO-
OFDM system. Practical BS+AD: Beam steering and ampli-
tude detection with the estimated values γˆ, αˆ and rˆ.
SNR is not uniform on the ring of the main lobe. Therefore,
if the receive UCA is rotatable around its axis, the antenna
elements of the receive UCA could be set in the maximum
SNR positions on the ring of the main lobe to further improve
the system performances, which means that another rotation
angle within the plane of the receive UCA should be estimated.
Although in this manuscript we consider the transmit and
receive UCAs being fixed and not able to rotate, we believe the
novel UCA-based OAM communication system with rotatable
UCAs having better SE performance, which is left for our
future work.
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